Introduction
Cleidocranial dysplasia (CCD) is an autosomal dominant skeletal disorder characterized by short stature, hypoplasia of facial bones and clavicles, and open fontanelles due to defective bone formation (1, 2) . Previous studies have demonstrated that loss-offunction mutations in a single allele of the CBFA1 gene encoding runt-related transcription factor 2 (RUNX2), which is an osteoblastogenic master transcription factor, are detected in 60% of the CCD patients as a consequence of impaired osteoblast-mediated ossification (3) (4) (5) (6) (7) (8) . However, the genetic origin of 40% of the CCD patients is still unknown (8) , suggesting that mutations in other genes can lead to this syndrome.
Bone formation, which is orchestrated by osteoblasts, can occur through 2 different processes, intramembranous and endochondral ossification (5) . Mesenchymal progenitor cells directly differentiate into osteoblasts required for intramembranous ossification in the calvarium and clavicles, whereas during longitudinal endochondral bone formation, cartilaginous template is eventually replaced by bone deposited by osteoblasts (5) . The cell-autonomous osteoblast defect caused by dysfunction of RUNX2 results in impairment of both endochondral and intramembranous bone formation, although the latter is usually the dominant phenotypic feature in CCD patients (3) (4) (5) (6) (7) , suggesting that dysregulation of the RUNX2 activation pathway may cause CCD.
The osteoblast developmental program is promoted by the essential transcription factor complex formed by RUNX2 and transcriptional coactivator with PDZ-binding motif (TAZ) (9) . The Hippo pathway effector TAZ is a mesenchymal fate-determining factor that controls lineage commitment depending on its target substrate. TAZ forms a complex with and increases the activity of RUNX2, and this drives osteoblast differentiation while it represses PPARγ activity that is important for adipocyte lineage commitment (9) . However, the regulatory mechanism of TAZ expression during osteoblastogenesis is still unknown.
The E3 ubiquitin ligase RNF146 controls the Wnt/β-catenin pathway through ubiquitylation of its substrate AXIN, a member of the β-catenin destruction complex (10, 11) . RNF146 recognizes AXIN as its substrate following the addition of ADP-ribose chains by tankyrase (10) . Following binding and activation of RNF146, AXIN is ubiquitylated and destroyed through proteasome-mediated degradation (10) . RNF146 thus promotes Wnt/β-catenin signaling through suppression of its inhibitor AXIN (10) . The Wnt/ β-catenin pathway plays essential roles in embryonic development and, in particular, osteoblast differentiation during embryonic skeletal formation (12, 13) , suggesting a potential link between RNF146 and human developmental disorders.
Here, we provide evidence that RNF146 is critical for normal embryonic and postnatal bone formation. Mice with conditional knockout of Rnf146 driven by the osterix promoter (Rnf146 fl/fl OsxCleidocranial dysplasia (CCD) is an autosomal dominant human disorder characterized by abnormal bone development that is mainly due to defective intramembranous bone formation by osteoblasts. Here, we describe a mouse strain lacking the E3 ubiquitin ligase RNF146 that shows phenotypic similarities to CCD. Loss of RNF146 stabilized its substrate AXIN1, leading to impairment of WNT3a-induced β-catenin activation and reduced Fgf18 expression in osteoblasts. We show that FGF18 induces transcriptional coactivator with PDZ-binding motif (TAZ) expression, which is required for osteoblast proliferation and differentiation through transcriptional enhancer associate domain (TEAD) and runt-related transcription factor 2 (RUNX2) transcription factors, respectively. Finally, we demonstrate that adipogenesis is enhanced in Rnf146 -/-mouse embryonic fibroblasts. Moreover, mice with loss of RNF146 within the osteoblast lineage had increased fat stores and were glucose intolerant with severe osteopenia because of defective osteoblastogenesis and subsequent impaired osteocalcin production. These findings indicate that RNF146 is required to coordinate β-catenin signaling within the osteoblast lineage during embryonic and postnatal bone development. (17) . In contrast with pups in which endogenous RNF146 was deleted during embryonic development, excision of RNF146 within the osteoblast lineage after birth produced viable pups. 3D reconstruction of the femora using μCT showed a 40% reduction of trabecular bone volume and trabecular bone mineral density in These results demonstrate that Rnf146 fl/fl Osx-Cre mice are osteopenic due to defective osteoblast-mediated bone formation, but not enhanced osteoclast-mediated bone resorption.
RNF146 is required for osteoblast differentiation. RNF146 is required for both osteoblast-mediated embryonic and postnatal bone development. We queried whether RNF146 expression was normally modulated during osteoblast differentiation and observed that RNF146 transcripts and protein levels increased in Cre) have short stature, fail to close their fontanelles, demonstrate general hypomineralization of the calvarium, have small clavicles, and are generally osteopenic, with low serum levels of osteocalcin. This phenotype is reminiscent of some features observed in CCD patients. While RUNX2 protein expression appears to be normal in these mice, they have low levels of TAZ. We determined that loss of RNF146 results in a defective signaling pathway, defined by reduced β-catenin activity due to stabilization of AXIN1 and reduced expression of Fgf18 required for TAZ protein expression. We show that FGF18 enhances TAZ expression through activation of the MAPK pathway and that defective proliferation and mineralization observed in RNF146-null osteoblasts can be rescued by exogenous FGF18. Finally, we found that Rnf146 fl/fl Osx-Cre mice had increased fat stores and were glucose intolerant due to defective insulin secretion as a consequence of reduced osteocalcin production. These data demonstrate that RNF146 is a mesenchymal fate-determining factor required for the development of the osteoblast lineage while antagonizing adipocyte differentiation and provide a molecular mechanism by which hypoplastic bone formation causes abnormal energy metabolism.
Results

RNF146 deficiency in osteoblasts causes a CCD-like syndrome in mice.
To elucidate the role of RNF146 during embryonic development, we first generated Rnf146 fl/fl CMV-Cre mice whose floxed Rnf146 alleles were excised in all tissues, including germ cells (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI92233DS1) (14) , and observed that deletion of Rnf146 resulted in embryonic lethality. We analyzed embryonic skeletal development in E15.5 Rnf146 fl/fl CMV-Cre embryos and observed delayed bone formation in the calvarium ( Figure 1A ). In view of these results, we generated Rnf146 conditional knockout mice (Rnf146 fl/fl Osx-Cre) in which endogenous RNF146 was deleted in cells of the osteoblast lineage.
Rnf146
fl/fl Osx-Cre newborn pups were shorter than Rnf146 fl/fl control littermates and died shortly after birth due to respiratory failure ( Figure 1B and Supplemental Figure 1B ). Alizarin red/Alcian blue staining and 3D reconstruction using μCT of skeletal preparations showed that Rnf146 fl/fl Osx-Cre pups displayed enlarged anterior and posterior fontanelles with calvarial hypomineralization as a consequence of impaired intramembranous ossification ( Figure 1, C and D) . This phenotype was more severe than that of Osx-Cre pups (Supplemental Figure 1C) , which have previously been reported to have mild hypomineralization of the calvarium (15) . Other skeletal structures, including clavicles, ribs, and limb bones, were severely hypoplastic in Rnf146 fl/fl Osx-Cre pups (Figure 1 Figure 1H ). H&E staining of mandibular incisor from Rnf146 fl/fl Osx-Cre pups showed hypoplasia of the periodontal alveolar bone and enamel and a loss of polarized ameloblasts with occasional pyknotic nuclei ( Figure 1I ). We further investigated expression levels of noggin and sonic hedgehog (SHH), which are essential for normal calvarial and teeth development (16) , by RNA ISH and observed that expression of both noggin and SHH was similar in Rnf146 fl/fl and Rnf146 fl/fl Osx-Cre pups ( Figure 1J ), suggesting that perturbation of noggin and SHH Fgf18 transcripts ( Figure 4A ) and expression of Fgf18 mRNAs during osteoblastogenesis ( Figure 4B ) were impaired in RNF146-null osteoblasts, suggesting that defective mineralization observed in RNF146-null osteoblasts may be due to impaired WNT3a-mediated Fgf18 expression. We next examined whether FGF18 regulates the expression of osteocalcin, a target gene of the RUNX2-TAZ osteoblastogenic master transcription complex (9) . We observed that FGF18 enhances the RUNX2-mediated osteocalcin promoter activity ( Figure 4C ). Since we found that WNT3a was not able to induce Runx2 transcripts (Supplemental Figure 3C) , we hypothesized that FGF18 may regulate endogenous TAZ expression. Consistent with this hypothesis, we observed that FGF18 enhanced expression of TAZ protein and transcripts in murine osteoblasts and myoblast C2C12 cells ( Figure 4 , D and E, and Supplemental Figure 4 , A and B). In contrast, RUNX2 expression was unchanged following FGF18 stimulation of murine osteoblasts (Supplemental Figure 4C ). To confirm that FGF18 requires the presence of TAZ to enhance osteocalcin expression and osteoblast differentiation, we analyzed osteocalcin promoter activity in TAZ-depleted C2C12 cells and observed that the enhancement of RUNX2 activity by FGF18 was suppressed by Taz deletion ( Figure 4F ). Consistent with these results, depletion of FGF18 blocked the induction of TAZ by WNT3a ( Figure 4G ). Conversely, ectopic expression of FGF18 rescued the mineralization defect observed in RNF146-null osteoblasts ( Figure 4H and Supplemental Figure 4D ). Finally, FGF18-induced TAZ expression and RUNX2-TAZ transcriptional activity were abolished by the MEK inhibitor U0126 in murine osteoblasts and C2C12 cells ( Figure 4 , I-K, and Supplemental Figure 4 , E and F). These data demonstrate that FGF18 controls osteoblast differentiation through transcriptional regulation of TAZ and that the mineralization defect observed in RNF146-null osteoblasts is due in part to impaired signaling through the FGF18/ MAPK/TAZ pathway.
RNF146 is required for osteoblast proliferation. In addition to defective mineralization, we noted that osteoblast proliferation was reduced in RNF146-null osteoblasts ( Figure 5A and Supplemental Figure 5A ). TAZ in complex with transcriptional enhancer associate domain (TEAD) is a regulator of cell proliferation in part through the induction of its target gene connective tissue growth factor (Ctgf) (21) (22) (23) (24) . Our observation that RNF146 controls TAZ expression through regulation of FGF18 prompted us to investigate whether RNF146 plays a role in osteoblast proliferation through the FGF18/TAZ pathway. We found that FGF18 induced Ctgf expression and that this effect was abolished in TAZ-depleted C2C12 cells ( Figure 5B and Supplemental Figure 5B ). Moreover, recombinant FGF18 enhanced proliferation of WT, but not TAZdepleted, C2C12 cells cultured in serum-free medium ( Figure 5C and Supplemental Figure 5C ), demonstrating that FGF18-mediated Ctgf induction and subsequent cell proliferation are contingent on TAZ expression. Accordingly, the defective proliferation observed in RNF146-null osteoblasts was rescued by treatment with FGF18 ( Figure 5 , D and E). These results demonstrate that RNF146 is required for both osteoblast differentiation and proliferation through the modulation of the WNT3a-FGF18-TAZ axis.
We finally confirmed the molecular mechanism by which loss of RNF146 in osteoblasts results in impairment of the Wnt/ β-catenin pathway and expression of its target gene Fgf18, leading to primary murine osteoblasts cultured in osteogenic medium (Figure 3 , A and B). To investigate the molecular mechanism by which RNF146 deficiency in osteoblasts causes a CCD-like syndrome and osteopenia, we isolated murine calvarial osteoblasts from Rnf146 fl/fl mice and infected cells with GFP-or Cre-expressing adenovirus to excise the Rnf146 gene (18) (Supplemental Figure 3 , A and B). We observed defective mineralization in RNF146-null osteoblasts and reduced mRNA expression of collagen type I α 1 chain (Col1a1), alkaline phosphatase (Alp), and osteocalcin ( Figure  3 , C-F). We next examined the protein levels of AXIN, a known substrate of RNF146, in RNF146-null osteoblasts and observed that AXIN1 protein was markedly increased and that this led to impaired activation of β-catenin ( Figure 3 , G and H). Our observation that Rnf146 fl/fl Osx-Cre mice phenocopy features of CCD patients suggested a potential genetic link between RNF146 and RUNX2 (3-7). However, we observed no effect on Runx2 expression in murine osteoblasts following treatment with WNT3a (Supplemental Figure 3C) . Moreover, the expression of Runx2 transcripts was similar in WT and RNF146-null calvarial osteoblasts cultured in osteogenic medium (Supplemental Figure 3D) . We therefore examined the expression level of TAZ, a RUNX2-binding partner that is an essential cotranscription factor required for mediating the osteoblastogenic transcriptional program. The induction of TAZ protein levels, induced by WNT3a, were noted to be severely reduced in RNF146-null osteoblasts compared with WT controls (Figure 3I ), which may explain in part the CCD-like phenotype associated with RUNX2 loss of function.
RNF146 regulates osteoblast differentiation through the FGF18-TAZ axis. We further investigated the molecular mechanism by which RNF146 controls osteoblast differentiation through regulation of TAZ expression. Previous studies showed that Fgf18 is a β-catenin target (19) and that Fgf18 -/-mice phenocopy CCD patients (20) , suggesting that Fgf18 may be dysregulated in RNF146-null osteoblasts. We observed that both WNT3a-mediated induction of RNF146 represses adipocyte development and fat stores. During the course of these studies, we noted that RNF146-null osteoblast progenitor cells cultured in osteogenic medium differentiated into adipocytes instead of mature osteoblasts ( Supplemental Figure 6A) . The expression levels of both Pparg2 and its target gene fatty acid binding protein 4 (Fabp4), which are required for adipogenesis, were elevated in RNF146-null osteoblast progenitor cells cultured in osteogenic medium (Supplemental Figure 6 , B and C). In support of a role of RNF146 as an inhibitor of adipogenesis, we observed that adipocyte differentiation was strongly enhanced in RNF146-deficient mouse embryonic fibroblasts (MEFs) cultured in troglitazone-containing growth medium ( Figure 6A and Supplemental Figure 6 , D and E) and that this was associated with elevated expression of PPARγ and FABP4 proteins and transcripts ( Figure 6 , B-D, and Supplemental Figure 6F ). As the Wnt/β-catenin pathway inhibits adipogenesis through repression of PPARγ expression (25), we determined whether the adipocyte differentiation observed in RNF146-deficient MEFs was dependent on reduced β-catenin activity. We observed that WNT3a-mediated β-catenin activity was suppressed in RNF146-deficient MEFs as a consequence of AXIN1 stabilization ( Figure 6 , B and E). Moreover, inhibition of glycogen synthase kinase 3β (GSK-3β) by lithium chloride (LiCl) reversed the enhanced adipogenic phenotype observed in RNF146-deficient MEFs ( Figure 6F and Supplemental Figure 6, G-I) . Similarly, ecto- in vivo (27, 28) . Our observation that loss of RNF146 suppressed osteoblastogenesis and was associated with the reduced promoter activity of osteocalcin suggested a potential link between RNF146 and glucose homeostasis. Consistent with the reduction of osteocalcin mRNA in RNF146-null osteoblasts in vitro shown in Figure 3F , we observed that levels of undercarboxylated osteocalcin in serum were reduced in Rnf146 fl/fl Osx-Cre mice compared with those in Rnf146 fl/fl mice ( Figure 7A ), leading to transcriptional reduction of adiponectin, an osteocalcin target gene ( Figure 7B ) (26) . Moreover, we observed increased triglyceride and glucose levels in Figure 6J ). These results support a model whereby RNF146 suppresses adipogenesis while enhancing osteoblast differentiation through regulation of the Wnt/β-catenin pathway. Consistent with these observations, tibial bone marrow fat stores and fat pad weight were elevated 40-fold and 2-fold in Rnf146 fl/fl Osx-Cre mice compared with controls, respectively ( Figure 6 , H-J). These results indicate that RNF146 is a mesenchymal fate-determining factor that accelerates osteoblastogenesis while suppressing adipogenesis through regulation of the Wnt/β-catenin pathway.
Rnf146 fl/fl Osx-Cre mice have defects in glucose metabolism. Previous studies showed that osteocalcin-deficient mice are glucose intolerant due to impaired insulin sensitivity and secretion (26, 27) . Osteocalcin, which is secreted by osteoblasts through regulation of the RUNX2-TAZ transcription complex, is posttranslationally carboxylated in a vitamin K-dependent manner, while uncarboxylated osteocalcin enhances insulin production and sensitivity Osx-Cre mice injected with glucose and recombinant uncarboxylated osteocalcin (1 ng/g) or vehicle. n = 7. P values were determined by unpaired t test. Data are presented as mean ± SEM. *P < 0.05. jci.org Volume 127
Number 7 July 2017 proliferation, differentiation, and mineralization (34) . Our present study provides insights into an additional mode of TAZ regulation controlled by the RNF146-Wnt/ β-catenin-FGF18 axis during osteoblastogenesis. Loss of RNF146 reveals the importance of the FGF18/TAZ pathway in a syndrome that phenocopies features of the human hereditary disease CCD. RNF146 is the critical E3 ubiquitin ligase modulating bone dynamics. Bone undergoes continuous synthesis and remodeling through osteoblast-mediated bone formation and osteoclast-mediated bone resorption. We propose that RNF146 is a switch required for homeostatic bone remodeling. We have recently shown that RNF146 similarly integrates both SRC and β-catenin signaling pathways downstream of RANK ligand within the osteoclast lineage (35) . RANKL-mediated suppression of RNF146 synchronizes the stabilization of 3BP2, an adapter protein required for the activation of SRC, and the stabilization of AXIN1 to shut off β-catenin activity. Excision of Rnf146 within the macrophage lineage in mice (Rnf146 fl/fl LysM-Cre) sensitizes osteoclast progenitors to RANKL; as a result, Rnf146 fl/fl LysM-Cre mice develop osteopenia due to highly activated osteoclasts. Our observation that RNF146 is required for osteoblast development while antagonizing osteoclast differentiation highlights the importance of this E3 ubiquitin ligase in regulating bone dynamics. Further studies will be required to elucidate a signaling network that controls RNF146 induction during osteoblastogenesis.
RNF146 is a mesenchymal fate-determining factor. Our results indicate that loss of RNF146 in osteoblasts and MEFs enhances adipogenesis. During embryonic bone development, the active RUNX2-TAZ complex is required for osteoblastogenesis, whereas TAZ suppresses PPARγ transcriptional activity and adipogenesis (9) . Similarly, activation of the Wnt/β-catenin pathway is required for osteoblastogenesis, but is antagonistic to adipogenesis (13, 25) . In the present study, we have unveiled the molecular mechanism by which RNF146 controls osteoblast and adipocyte lineage commitment through regulation of the Wnt/β-catenin and Hippo pathways required for development of cellular identity.
RNF146 is a regulator for energy metabolism. Bone has emerged as a regulator of energy metabolism (36) . Osteocalcin, which is secreted by osteoblasts, controls glucose and lipid metabolism (26) . Osteocalcin-deficient mice exhibit abnormal glucose tolerance as a consequence of impaired insulin production and sensitivity due to decreased β cell proliferation and adiponectin secretion from fat tissue, respectively (26) .
We show in the present study that the FGF18-TAZ-osteocalcin axis is controlled by RNF146, which is required for normal glucose homeostasis. Treatment of the uncarboxylated and active form of osteocalcin improved the glucose intolerance observed in Rnf146 fl/fl Osx-Cre mice. Importantly, osteocalcin-deficient mice display increased bone mass (37) Figure 7 , A and B). Finally, to determine whether the defective islet development and insulin production were due to a failure to produce physiologic levels of osteocalcin, we treated mice with recombinant uncarboxylated osteocalcin and improved the abnormal glucose tolerance observed in Rnf146 fl/fl Osx-Cre mice ( Figure 7H ). These data demonstrate that abnormal glucose tolerance observed in the Rnf146 fl/fl Osx-Cre mice is due in part to impaired production of osteocalcin.
Discussion
Mice lacking the E3 ubiquitin ligase RNF146 develop a syndrome that phenocopies features of CCD. Our study provides evidence suggesting the existence of a link between the E3 ubiquitin ligase RNF146 and the development of a CCD-like syndrome in mice. We show that Rnf146 fl/fl Osx-Cre mice have defective intramembranous and endochondral ossification during embryonic bone development. Loss of RNF146 in osteoblasts results in stabilization of AXIN1 and attenuation of β-catenin, leading to impaired FGF18 expression (Figure 8 ). FGF18 in turn induces TAZ expression through activation of the MAPK pathway (Figure 8 ).
FGF18, a member of the FGF family, plays key roles in morphogenesis, angiogenesis, and development of cellular identity (29) (30) (31) (32) fl/fl Osx-Cre mice is due in part to the attenuation of FGF18 expression resulting from the impaired activation of β-catenin (19) .
We have recently shown that the Hippo pathway transcriptional coactivator TAZ is stabilized and activated by the nonreceptor tyrosine kinase ABL following disruption of the interaction between TAZ and the E3 ubiquitin ligase F-box/WD repeat-containing protein 1A (β-TrCP) during osteoblast differentiation (34) . TAZ stabilization and activation by ABL lead to activation of the transcription factors TEAD and RUNX2, required for osteoblast eters were generated from undecalcified tibial sections embedded in Spurr's resin and stained with Goldner's trichrome. In vivo osteoclast parameters were generated from decalcified tibial sections embedded in paraffin and stained for TRAP activity. Images were analyzed using BIOQUANT software (40) . Histology. Pancreatic tissues and pups' tibiae were fixed in 10% neutral formalin, embedded in paraffin, sectioned, and stained with H&E or safranin O. IHC was performed using guinea pig anti-insulin antibody (Invitrogen) and the VECTASTAIN Elite ABC HRP Kit (Vector).
ISH. ISH of calvarium and tibiae was performed using the RNAscope 2.5 High Definition (HD) -BROWN (Advanced Cell Diagnostics) according to the manufacturer's protocol.
Metabolic studies. For glucose tolerance test, glucose (2 g/kg body weight) was injected intraperitoneally after an overnight fast, and blood glucose was monitored using the Accu-Chek glucometer (Roche). For glucose-stimulated insulin secretion test, glucose (2 g/kg body weight) was injected intraperitoneally after an overnight fast, and serum insulin levels were measured with the Ultra Sensitive Mouse Insulin ELISA Kit (Crystal Chem).
Construction and expression of β-catenin (S33Y) and FGF18 retroviral vectors. pMXs-β-catenin (S33Y) vector was a gift from Shinya Yamanaka (Department of Life Science Frontiers, Center for iPS Cell Research and Application, Kyoto University, Kyoto, Japan) (41). FGF18 cDNA was purchased from Origene Technologies, and pMXs-FGF18 vector was constructed as described previously (40) . HEK293T cells were cotransfected with an empty vector control (mock), pMXs-β-catenin (S33Y), or pMXs-FGF18 with pMCV-Ecopac (EcoPak) using a CalPhos Mammalian Transfection Kit (Clontech). Osteoblasts were infected and then cultured in osteogenic medium as described previously (40) .
Lentiviral transduction. pLKO.1 lentiviral vectors expressing shRNAs targeting Taz (shTaz), Fgf18 (shFgf18), or nonspecific GFP sequence (shGFP) were cotransfected into HEK293T cells with p-PAX2 and p-VSVG (Addgene) using X-tremeGENE 9 transfection reagent (Roche). The virus was collected 48 hours after transfection, and cells were infected as described previously (40) .
Reagents and antibodies. Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich. Antibodies were obtained as follows: anti-AXIN1 (catalog 2087), anti-non-p-β-catenin (active; catalog 8814), anti-β-catenin (catalog 9562), anti-p-ERK (catalog 9101), anti-ERK (catalog 9102), anti-PPARγ (catalog 2443), anti-FABP4 (catalog 3544) (Cell Signaling Technology), anti-RNF146 (catalog SAB1408054), anti-FGF18 (catalog SAB1406731), and anti-actin (catalog sc-47778) (Santa Cruz Biotechnology Inc.). Recombinant osteocalcin was from the laboratory of Gerard Karsenty (26) . Halt Protease and Phosphatase Inhibitor Cocktail was from Thermo Fisher Scientific. Undercarboxylated osteocalcin levels in serum were measured with the Mouse Undercarboxylated Osteocalcin ELISA Kit (MyBioSource.com).
Promoter assays. To assess the modulation of Wnt/β-catenindriven gene expression by WNT3a, we used TOPflash (TCF Reporter Plasmid, TOPflash-luciferase reporter system). To assess the modulation of RUNX2-TAZ complex-driven gene expression by FGF18, we used the osteocalcin promoter-luciferase reporter construct (p6OSE2-luc) that contains 6 tandem repeats of the OSE2 element of the osteocalcin promoter (42) . C2C12 cells, primary murine osteoblasts, and MEFs were transiently cotransfected with p6OSE2-luc or TOPflash reporter and pRL Renilla plasmids (Promega) using Lipothat our study using Rnf146 fl/fl Osx-Cre mice provides a genetic link between hypoplastic bone formation and abnormal glucose and lipid metabolism in vivo.
RNF146 coordinates bone, cellular identity, and glucose and lipid metabolism. Our study suggests that CCD patients may be at risk for glucose intolerance and highlights a genetic link among RNF146, osteopenia, and metabolic syndrome.
Methods
Mice. The generation of Rnf146 conditional knockout mice has been described previously (35) . Rnf146 fl/fl mice were crossed with CMV-Cre (14) or Osx-Cre mice (17) . Since Rnf146 fl/fl Osx-Cre pups died after birth, we generated Rnf146 fl/fl Osx-Cre adult mice using a doxycycline Tet-off
Cre system (17) . We treated pregnant breeder mice with doxycycline during gestation to prevent Cre expression. After birth, these offspring were fostered to another mother without doxycycline.
Genotyping of Rnf146 fl/fl Cre mice. Genotyping of Rnf146 fl/fl Cre mice has been described previously (35) . Floxed alleles and Cre were genotyped by PCR using the following primers: Rnf146 (forward primer, 5′-CCAGTCAGACCGATCAGGAACTGAC-3′; reverse primer, 5′-TACTGAACAGCTCTCAACTATCAACACC-3′), and Cre (forward primer, 5′-GCATTACCGGTCGATGCAACGAGTGATGAG-3′; reverse primer, 5′-GAGTGAACGAACCTGGTCGAAATCAGTGCG-3′).
Cell cultures. HEK293T cells (ATCC), C2C12 cells (ATCC)
, and MEFs were cultured in DMEM (Wisent) supplemented with 10% FBS (Wisent). All cultures were maintained in a 5% CO 2 environment at 37°C.
Osteoblast cultures. Neonatal calvaria-derived osteoblasts were harvested and cultured in growth medium as described previously (38) . Osteoblast differentiation was induced by culturing cells in osteogenic medium (α-MEM containing 10% FBS, 100 μg/ml ascorbic acid, and 10 mM β-glycerophosphate) for 21 days. Alizarin red staining of mineralization was performed by cell fixation in 4% formaldehyde for 30 minutes followed by staining with 0.1% alizarin red S solution (pH 4.8) for 20 minutes.
Adipocyte differentiation. Adipocyte differentiation was induced by culturing cells in adipogenic medium (DMEM containing 10% FBS and 10 μM troglitazone). Adipocytes were evaluated by oil red O staining accomplished by cell fixation in 4% formaldehyde for 15 minutes followed by staining with filtered 0.6% oil red O solution in 60% isopropanol. Oil red O-positive cells were determined by cytoplasmic fat globule cells.
μCT. Pups' calvarium and femurs from 12-week-old male mice were scanned using μCT (SkyScan 1076 or 1174, Bruker) at a resolution of 18.2 μm or 9.1 μm, respectively. Morphometric analysis was performed on a volume of interest (VOI) of trabecular bone 1 mm in length beginning 1 mm beneath the first instance of the formation of the mineralized cartilage bridge in the developing metaphysis and on a VOI of cortical bone 0.9 mm in length in the midshaft. 3D images were reconstructed from 0.5-mm regions within the trabecular and cortical VOIs identified above. Trabecular and cortical morphometric parameters were determined according to standard protocols (39) .
Skeletal analysis. For skeletal alizarin red and Alcian blue staining, newborn pups were fixed in 95% ethanol and transferred to acetone followed by staining, as described previously (7).
Histomorphometry. For dynamic histomorphometric analysis, calcein green was injected on days 0 and 7, and mice were sacrificed 3 days after the second calcein injection. In vivo osteoblast param-jci.org
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Western blot analysis. Cells were lysed with RIPA buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1% NP40, 0.1% SDS, 0.25% sodium deoxycholate, 1 mM EDTA) supplemented with protease and phosphatase inhibitors. Lysates were cleared by centrifugation at 18,000 g for 10 minutes at 4°C. The protein was resolved by SDS-PAGE and transferred to a PVDF membrane (Immobilon; Millipore). Membranes were blocked in 5% BSA or 5% nonfat dried milk in PBST (PBS + 0.1% . The images are representative of 3 independent experiments. The relative integrated density of each protein band was digitized by ImageJ (NIH) and shown in figures.
Statistics. All results are shown as mean ± SEM of data from at least 3 separate experiments. The data were subjected to ANOVA with Tukey-Kramer's post-hoc test or the unpaired t test with JMP 7 (SAS Institute Inc.) to determine differences. P values of less than 0.05 were accepted as statistically significant.
Study approval. All animal studies were approved by the Animal Research Council at University Health Network, Toronto, Ontario.
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